1. Introduction {#sec1-animals-10-00287}
===============

Cryopreservation of semen from several species is increasingly used for genetic conservation or to preserve the genetic reserve of endangered species. The cryopreservative medium is adapted to the physiology of the species and the semen capacities (membrane quality, motility, oxidative stress, DNA preservation, and fertilization). Hence, the canine semen present some specificity as low resistance to cooling as sperm from swine \[[@B1-animals-10-00287],[@B2-animals-10-00287]\], or to be sensitive to fructose \[[@B3-animals-10-00287],[@B4-animals-10-00287]\], and to present a membrane composition with high cholesterol: phospholipid ratio, and rich in polyunsaturated fatty acids which increase the sensitivity to lipid peroxidation \[[@B5-animals-10-00287],[@B6-animals-10-00287]\]. Despite cryopreservation of semen is getting easier, fertilizing results after insemination with frozen-thawed semen are still not constant even in mammals and especially with feline or canine species \[[@B7-animals-10-00287],[@B8-animals-10-00287],[@B9-animals-10-00287],[@B10-animals-10-00287]\]. Many factors can potentially influence reproductive success after artificial insemination. One of them is the oxidative stress leading to membrane perturbation and DNA damage. The aim of the extenders is to protect the semen against ice crystal formation, but also to improve the membrane and DNA quality in order to increase the success of fertilization \[[@B11-animals-10-00287],[@B12-animals-10-00287]\]. The cryopreservative extender frequently used in veterinary practice could still be optimized to limit the plasma membrane degradation and DNA damage during chilled storage \[[@B13-animals-10-00287],[@B14-animals-10-00287]\]. Indeed, several studies have reported that abnormal sperm morphology is associated with lipid peroxidation (LPO) and antioxidant imbalance, caused by the occurrence of oxidative stress \[[@B15-animals-10-00287]\]. Oxidative stress is a common phenomenon in spermatozoa, induced by stress such as hypoxia or temperature changes, leading to excessive production of reactive oxygen species (ROS) and oxidation of spermatozoon components \[[@B16-animals-10-00287],[@B17-animals-10-00287],[@B18-animals-10-00287],[@B19-animals-10-00287],[@B20-animals-10-00287]\]. To counteract these effects, different antioxidant families such as plant extracts, enzymes, and vitamins are available but have some limits alone \[[@B21-animals-10-00287],[@B22-animals-10-00287],[@B23-animals-10-00287]\].

In the present study, we have focused on metformin, molecule modulating the cell metabolism through the mitochondria activity as tested in extender for the cryopreservation of mouse \[[@B24-animals-10-00287]\], chicken \[[@B25-animals-10-00287]\], stallion \[[@B26-animals-10-00287]\] or boar \[[@B27-animals-10-00287]\] sperm. In mouse, metformin is allowed to increase the rate of in vitro fertilization and reduced the number of abnormal zygotes, showing a potential interest. Metformin, is a synthetic molecule from the biguanide family, commonly used for the treatment of type II diabetes and which has been described to possess an antioxidant capacity \[[@B28-animals-10-00287],[@B29-animals-10-00287]\]. Metformin has the ability to decrease reactive oxygen species \[[@B30-animals-10-00287]\] and to activate the transcription factor Nrf2, inducing an increase in the expression of antioxidant genes \[[@B31-animals-10-00287],[@B32-animals-10-00287]\]. In addition, the mechanism of action of metformin involved partly the AMP-activated protein kinase (AMPK) kinase in somatic cells \[[@B33-animals-10-00287],[@B34-animals-10-00287]\], which is a key regulator of cellular energy balance, and also activated in species with a natural freezing tolerance or during hibernation \[[@B35-animals-10-00287]\].

The aim of the present study was to evaluate the effect of the supplementation of canine semen extender with metformin on the viability, motility, oxidative stress and markers of sperm quality by using in vitro analysis.

2. Materials and Methods {#sec2-animals-10-00287}
========================

2.1. Animals and Semen Collection {#sec2dot1-animals-10-00287}
---------------------------------

Six Slovakian Hound stud dogs ranging between 2 and 6 years of age from a private kennel were used in this study. The young adult dogs were patients of the Department of Reproduction and Clinic of Farm Animals in Wroclaw University. The animals were in good health and normal reproductive condition and were maintained in the kennel and fed dry food once daily, with free access to water. The semen from each dog was collected by manual stimulation once a week for seven consecutive weeks. The sperm-rich fraction of each ejaculate was collected into a calibrated collection tube with water-coat pre-warmed to 37 °C. Semen was collected as part of a routine reproductive examination of dogs. There were no associated ethical issues in this clinical study and all the dog breeders involved gave written consent for their participation, as they saw the study as vital to future breeding programs of the breed.

2.2. Cryopreservation and Thawing Method {#sec2dot2-animals-10-00287}
----------------------------------------

The Tris-citric acid--fructose--egg yolk extender (TFE) is composed of Tris (hydroxymethyl)-aminomethane (0.2 M), citric acid monohydrate (0.06 M), fructose (0.05 M), distilled water, and with 20% (v/v) addition of egg yolk \[[@B36-animals-10-00287],[@B37-animals-10-00287]\]. Each week, each ejaculate was analyzed to determine its semen concentration, the total number of spermatozoa and sperm motility, to obtain an adequate semen quality. After these analyses, all ejaculates were pooled. Then, the pool of sperm was divided into three aliquots in order to evaluate 3 different cryopreservative diluents---1/metformin 50 µM, 2/metformin 500 µM, 3/control. Each aliquot was centrifuged at 500 g for 5 min at room temperature. The pellet was resuspended to give the final concentration of 100 × 10^6^ spermatozoa per milliliter.

Sample A was resuspended in TFE supplemented to 50 µM of metformin, sample B in TFE with 500 µM of metformin, and sample C in the same extender alone (control). Each extended semen was cooled to 5 °C over 1 h then 6% (final concentration) of glycerol was added. Samples were equilibrated for 90 min at 5 °C then cryopreserved \[[@B36-animals-10-00287],[@B37-animals-10-00287]\]. On the day of the analysis, the samples were thawed at 37 °C in a water bath for 60 s, then experiments were performed.

The relevant concentration of metformin to inhibit the mitochondrial respiratory chain complex 1 in various cell types is \<100 μM and the metformin levels measured in treated patients with diabetes mellitus are about (40--70 µM) \[[@B38-animals-10-00287]\]. Thus, the 50 µM metformin concentration was chosen to obtain an optimal activity without adverse effects as already described in germ cells \[[@B39-animals-10-00287],[@B40-animals-10-00287]\].

2.3. Computer-Assisted Semen Analysis {#sec2dot3-animals-10-00287}
-------------------------------------

Sperm motility was evaluated using computer-assisted semen analyzer (CASA) Hamilton-Thorne Sperm Analyser IVOS version 12.2l (Hamilton Thorne Biosciences, MA, USA) under 1.89 × 10 magnification. Three µl aliquot of semen was placed in a Leja analysis chamber (Leja, Nieuw-Vannep, Netherlands) at 37 °C. Five fields were randomly selected for analysis. The parameters measured were: the percentage of motile sperm (MOT), the percentage of progressively motile spermatozoa (PMOT), path velocity (VAP, average velocity/smoothed average position of the spermatozoa), progressive velocity (VSL, straight line distance between the beginning and the end of the track), curvilinear line velocity (VCL, average velocity measured over the actual point-to-point track followed by the cell), straightness (STR, a measure of VCL side to side movement determined by the ratio VSL/VAP × 100), linearity (LIN, a measure of the departure of the cell track from a straight line; the ratio VSL/VCL × 100), and percentage of rapid spermatozoa (RAPID).

2.4. Criteria of Semen Quality Analysed by Flow Cytometry {#sec2dot4-animals-10-00287}
---------------------------------------------------------

Flow cytometric analyses were performed on a Guava EasyCyte 5 cytometer (Merck KGaA, Darmstadt, Germany). The fluorescent probes used in the experiment were excited by an Argon ion 488 nm laser. Acquisitions were done using the GuavaSoft™ 3.1.1 software (Merck KGaA, Darmstadt, Germany). The non-sperm events were gated out based on scatter properties and not analyzed. A total of 40,000 events were analyzed for each sample.

2.5. Sperm Membrane Integrity {#sec2dot5-animals-10-00287}
-----------------------------

Sperm membrane integrity was determined by a double-fluorescent labeling technique, according to the protocol described by Partyka et al. \[[@B41-animals-10-00287]\]. Briefly, 300 µL of the diluted samples were stained with 5 µL of SYBR-14 (commercial solution diluted 50-fold) and 5 µL of 1.4 mM PI (propidium iodide) (Invitrogen™, Eugene, Oregon, USA). The PI negative and SYBR-14 positive population showing green fluorescence was considered alive, with the sperm plasma membrane intact (PMI).

2.6. Mitochondrial Activity {#sec2dot6-animals-10-00287}
---------------------------

Sperm mitochondrial activity was determined using staining with the JC-1 and PI (Invitrogen™, Eugene, Oregon, USA). From each sample, 500 µL of a sperm solution containing 50 × 10^6^ cell/mL was stained with 0.67 µL of 3mM JC-1 stock solution. The samples were incubated at 37 °C in the dark for 20 min before flow cytometric analysis \[[@B42-animals-10-00287]\]. Sperm emitting orange fluorescence was classified with a high mitochondrial membrane potential (HMMP), and those emitting only green fluorescence as low mitochondrial activity.

2.7. Oxidative Stress Analysis {#sec2dot7-animals-10-00287}
------------------------------

The oxidative stress was detected by using a fluorogenic probe to measure reactive oxygen species (ROS) in live cells. Just after thawing, the spermatozoa were incubated with CellRox (CellRox, Invitrogen, Cergy-Pontoise, France) at a final concentration of 5 μM and was incubated for 30 min at 37 °C. Cells were washed with PBS and observed by fluorescence microscopy (Zeiss Axioplan 2; Zeiss Gruppe, Jena, Germany). Quantification of the staining intensity was estimated by using the software ImageJ (NIH, Bethesda, Maryland, USA) on at least 500 spermatozoa per animal (3 animals per condition).

Lipid peroxidation was evaluated using a fluorescent lipid probe C11-BODIPY^581/591^ 4, 4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid; (Invitrogen™, Eugene, Oregon, USA) as we described before \[[@B43-animals-10-00287]\] and analyzed by flow cytometer. The color of the probe is changed according to the peroxidation state (non-peroxidized: red; peroxidized: green). Thawing semen was centrifuged to remove egg yolk, then samples were diluted with Tris-citric acid--fructose extender to concentration 50 × 10^6^ cell/mL and incubated with 1 μL of 2 mM C11-BODIPY^581/591^ in ethanol for 30 min at 37 °C in the dark. Samples were centrifuged at 500 g for 3 min and the sperm pellets were re-suspended in 500 μL of Tris-citric acid--fructose extender (TF). Detection of green fluorescence was set with a FL-1 band-pass filter (530/30 nm) and red fluorescence was measured using a FL-3 long-pass filter (620 nm).

2.8. Energetic Metabolites Analysis {#sec2dot8-animals-10-00287}
-----------------------------------

Ten million thawed spermatozoa were resuspended in *Ca^2+^* and *Mg^2+^* free *PBS* and cells were disrupted by three cycles of freezing (liquid nitrogen)-thawing (ice). Then, the concentration of ATP, NAD^+^, and HDAC activity was obtained by the following commercial kits (Cell-Titer-Glo^TM^ Assay, NAD/NADH-Glo^TM^ Assay, HDAC-Glo I/II^Tm^ Assay kits, Promega, Madison, USA). The luminescence was quantified by using an Ascent Luminoskan luminometer (ThermoScientific, Palm Beach, FL, USA).

Concentrations of lactate were obtained by enzymatic assay (Lactate Assay Kit, Sigma-Aldrich, Saint-Louis, USA). The measurements were carried out according to the manufacturer's protocol.

Localization of molecular markers by immunochemistry. After thawing, the spermatozoa were fixed with PAF 4% for 15 min at room temperature and were deposited on a slide. To saturate the aldehyde groups, the slides were incubated with PBS 1X/0.1 M glycine for 15 min, then cells were permeabilized with 0.1% Triton X-100 (w/v) in PBS for 15 min, and nonspecific binding sites were blocked in 2% BSA for 15 min. Cells were incubated for 60 min at room temperature with the following primary antibody: monoclonal mouse antibodies against DNA damage (Sigma-Aldrich, l'Isle d'Abeau Chesnes, France), polyclonal rabbit antibodies against hsp70, phospho-AMPKα (Thr172), phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), Phospho-(Ser/Thr) PKA Substrate, Acetyl-Histone H3 (Lys9, Lys14) purchased from Cell Signaling. Mouse or rabbit IgG was purchased (Sigma-Aldrich, l'Isle d'Abeau Chesnes, France) and were used as the negative control. All primary antibodies are diluted at 1:100 in 1% BSA/PBS. After the first antibody incubation, spermatozoa were washed three times in PBS. Then, spermatozoa were incubated for 45 min at room temperature with a second fluorescent antibody (goat anti-rabbit or anti-mouse IgG Alexa Fluor^®^ 488 antibodies, diluted at 1:500 in 1% BSA/PBS). Cells were counterstained with 4′, 6′-diamidino-2-phenylindole (DAPI), mounted on glass slides with Fluoroshield mounting medium (Sigma-Aldrich, l'Isle d'Abeau Chesnes, France) and examined using standard immunofluorescence microscopy. Quantification of the staining intensity was estimated by using the software ImageJ (NIH, Bethesda, Maryland, USA) on at least 500 spermatozoa per animal (3 animals per condition).

2.9. Statistical Analysis {#sec2dot9-animals-10-00287}
-------------------------

Data from the CASA system and flow cytometric assessments were arcsine transformed. One-way ANOVA followed by Newman-Keuls test by using GraphPad Prism 6 (La Jolla, CA, USA) was used to evaluate differences between groups for sperm quality parameters or biochemical parameters in frozen-thawed spermatozoa. The results are expressed as mean ± SEM. Values were determined to be significant when \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001; or by different letters indicating significant difference between groups (*p* \< 0.05).

3. Results {#sec3-animals-10-00287}
==========

3.1. Viability and Motility {#sec3dot1-animals-10-00287}
---------------------------

The percentage of viable spermatozoa observed by Sybr/PI staining ([Table 1](#animals-10-00287-t001){ref-type="table"}) was similar in all conditions of the freezing procedure. In addition, the intact acrosomes of canine spermatozoa were not altered whatever the exposure in comparison to frozen control ([Table 1](#animals-10-00287-t001){ref-type="table"}). No change in ATP or lactate content was noted whatever the group ([Supplementary data 1A and B](#app1-animals-10-00287){ref-type="app"}).

The frozen and thawed sperm incubated with metformin (50 µM, 500 µM) during cryopreservation has presented more motile sperm (MOT) with higher progressive motility (PMOT): +1.6-fold (*p* \< 0.05) and an elevated rapidity ([Table 2](#animals-10-00287-t002){ref-type="table"}). The straightness (VSL/VAP) was significantly lower (2%) after cryopreservation with metformin 500 µM, suggesting that sperm were not lazily moving along, but confirm that they were quite rapid ([Table 2](#animals-10-00287-t002){ref-type="table"}).

The immunostaining of the phospho-(Ser/Thr) PKA Substrate, which is associated with sperm motility, was more intensely stained in both metformin groups compared to control (*p* \< 0.001) ([Figure 1](#animals-10-00287-f001){ref-type="fig"}). In addition, the high motility observed in the group "metformin 50 µM" was associated with a 1.3-fold increase in the high mitochondrial membrane potential (HMMP) (*p* \< 0.05) ([Table 3](#animals-10-00287-t003){ref-type="table"}).

To complete the mitochondrial activity analysis, we have noted an increase in the NAD^+^ content, a metabolic coenzyme/co-substrate, playing a key role in mitochondrial function, when sperm was frozen with metformin (50 µM) (*p* \< 0.05) ([Figure 2](#animals-10-00287-f002){ref-type="fig"}A). Because NAD^+^ serves as a substrate for the histone deacetylase enzyme (HDAC), we have analyzed the HDAC activity which was higher in the metformin (50 µM) group in comparison to control ([Figure 2](#animals-10-00287-f002){ref-type="fig"}B). A consequence reported, is a lower acetylation staining due to the deacetylase activity of the HDAC enzyme in spermatozoa from the metformin groups ([Figure 2](#animals-10-00287-f002){ref-type="fig"}C).

3.2. Molecular Markers Associated to Semen Quality {#sec3dot2-animals-10-00287}
--------------------------------------------------

To determine the mechanism of action of metformin, we immunostained the phospho-AMPK protein, which is activated by metformin or in case of ATP depletion. The phospho-AMPK protein was localized in the sperm head and in the mid-piece ([Figure 3](#animals-10-00287-f003){ref-type="fig"}). The staining of phospho-AMPK increased after metformin (50 µM, 500 µM) exposure in comparison to the control condition ([Figure 3](#animals-10-00287-f003){ref-type="fig"}; *p* \< 0.01).

Analysis of hsp70, a marker of sperm quality, located in the equatorial region of the sperm head, was stronger expressed in sperm treated with metformin (*p* \< 0.001) ([Figure 4](#animals-10-00287-f004){ref-type="fig"}A) and inversely, the phospho-ERK (localize in mid-piece and in the sperm head), which is described to be present in case of stress, is lower stained in presence of metformin (50 µM, *p* \< 0.05 and 500 µM, *p* \< 0.001) ([Figure 4](#animals-10-00287-f004){ref-type="fig"}B).

3.3. Oxidative Stress {#sec3dot3-animals-10-00287}
---------------------

Oxidative stress which altered the sperm quality was evaluated through lipid peroxidation (LPO) and presence reactive oxygen species content (Cellrox staining). Hence, just after semen thawing, a strong, significant decrease in reactive oxygen species (80%) was observed when sperm was cryopreserved with metformin (50 µM) (*p* \< 0.05) ([Figure 5](#animals-10-00287-f005){ref-type="fig"}A). However, no consequence of lipid peroxidation was reported ([Table 4](#animals-10-00287-t004){ref-type="table"}). The decrease in oxidative stress in the metformin (50 µM) group was associated with a tendency to lower the percentage of spermatozoa stained for DNA damage (*p* = 0.082) ([Figure 5](#animals-10-00287-f005){ref-type="fig"}B).

4. Discussion {#sec4-animals-10-00287}
=============

The use of the classical Tris-fructose extender with egg yolk is able to cryopreserve the dog semen. However, for patients with low semen quality (dogs present more than 350 heritable disorders/traits and some with fertility) or for endangered canine species, the percentage of high semen quality is not optimal. The improvement of the semen extender to increase the semen protection and quality could be realized by limiting energy production before cryopreservation and to conserve after thawing, the energy for sperm mobility and to limit oxidative stress \[[@B13-animals-10-00287],[@B15-animals-10-00287]\]. In the present study, we have analyzed the effect of metformin, which is known to limit the mitochondria activity and to induce an antioxidant barrier as observed in somatic cells \[[@B44-animals-10-00287]\]. The data obtained in this study has confirmed that a canine extender supplemented with metformin can improve post-thaw motility and reduced oxidative stress.

Metformin can penetrate in spermatozoa through cell membranes passively or by transporters such as MATE1 or MATE2 which is strongly expressed in testis \[[@B45-animals-10-00287]\]. In different species, metformin has been reported to stimulate AMPK phosphorylation \[[@B24-animals-10-00287],[@B46-animals-10-00287],[@B47-animals-10-00287]\]. In this study, metformin was shown to stimulate AMPK in dog sperm as in stallion and chicken. Moreover, the phosphorylated AMPK was also located in the sub-equatorial band in the sperm head and in the mid-piece which concentrates the mitochondria \[[@B25-animals-10-00287],[@B26-animals-10-00287]\] suggesting a link between the metformin/AMPK in the control of energy production, and motility.

In various cell types, it has been observed a metformin activity with a lower concentration than 100 µM inhibiting notably the mitochondrial respiratory chain complex 1 \[[@B38-animals-10-00287]\]. In mice, the 50 µM metformin concentration is also enough to increase semen viability and to impact cell metabolism \[[@B39-animals-10-00287]\]. However in others species, a higher concentration was tested such as in chicken, a treatment with 1 mM metformin (20-fold more than in mouse) lead to an increase in viability and mobility \[[@B47-animals-10-00287]\], or in boar fresh sperm a 5 mM treatment with metformin partially reduce the motility \[[@B46-animals-10-00287]\]. Thus, we can suppose that the dog species present a high sensitivity to metformin in comparison to other species, and the use of higher metformin concentration is not so relevant \[[@B40-animals-10-00287]\].

In addition, we have observed that metformin did not alter sperm viability or the acrosome as in other publications on the mouse, stallion, chicken, and boar species \[[@B24-animals-10-00287],[@B25-animals-10-00287],[@B26-animals-10-00287],[@B46-animals-10-00287]\]. Thus, we confirm the absence of toxicity of metformin in our conditions by PI staining and caspase 3 activity which is known to be a marker of cell death \[[@B48-animals-10-00287]\]. Moreover, we have observed beneficial effects on oxidative stress. It is known that the freezing and thawing process exacerbated the oxidative stress and altered the membrane, cell organelles, such as mitochondria and DNA \[[@B49-animals-10-00287]\]. In our conditions, the use of metformin in canine sperm have been allowed to decrease the oxidative stress and limit the percentage of spermatozoa with endamaged DNA. Semen with a low oxidative stress status and low DNA damage have been showed to improve the future embryo quality and development \[[@B50-animals-10-00287]\]. The antioxidant ability of metformin has been described recently in somatic or germ cells with an elevated metformin concentration (2 mM) in comparison to physiological conditions (10--50 µM). In rooster, the authors have shown that metformin increased the activity of antioxidant enzymes to decrease ROS content in frozen-thawed rooster sperm \[[@B47-animals-10-00287]\]. We can suggest in canine cryopreserved semen, that adding metformin in extenders can slow down oxidative stress and DNA fragmentation, which could limit effects on sperm chromatin integrity and improve the embryo quality \[[@B51-animals-10-00287]\].

We have shown in the presence of metformin that the motility of canine sperm was increased and was associated with a hyper mitochondrial activity as measured by mitochondrial membrane potential and higher NAD^+^ production. We can note that motility is one of the main parameters of spermatozoa known to contribute to successful fertilization and easily measurable \[[@B52-animals-10-00287],[@B53-animals-10-00287]\]. NAD^+^ is a metabolite that is linked with the improvement in mitochondrial function under stress in somatic cells \[[@B54-animals-10-00287]\]. NAD^+^ levels decline with mitochondrial dysfunction or mitochondrial disorders \[[@B55-animals-10-00287]\]. In mouse spermatozoa, Bertoldo et al. have already observed that metformin during the cryopreservation process improves the mitochondria activity in thawed semen as in canine semen. The authors reported also a 5-fold increase in AMPK phosphorylation associated with an increase in the histone deacetylase (HDAC) activity in mouse spermatozoa \[[@B24-animals-10-00287]\]. Moreover, several recent studies have shown that metformin through AMPK activation remodeled cytoskeleton dynamics \[[@B56-animals-10-00287]\]. We can hypothesize that metformin/AMPK phosphorylated protein associated with the microtubules in flagella such as A kinase-anchoring protein (AKAP), a PKA substrate implicated in a flagellar beating.

The heat shock protein 70 (hsp70), a heat shock protein ensures properly protein folding to fulfill their physiological functions, has been focused by several teams working on the goat, bull, boar, and fish semen and used it as a marker of good semen quality \[[@B57-animals-10-00287],[@B58-animals-10-00287],[@B59-animals-10-00287],[@B60-animals-10-00287],[@B61-animals-10-00287],[@B62-animals-10-00287],[@B63-animals-10-00287],[@B64-animals-10-00287]\]. Hsp70 has been described to possess a protective effect on various types of injuries and some activities involved the Sirtuin/AMPK pathway \[[@B65-animals-10-00287]\]. In goat semen, the cryopreservation process altered ultra-structure in sperm organelles and decreased Hsp70 expression. However, the addition of an antioxidant formulation in semen extender improved the post-thaw semen quality and increased the hsp70 levels \[[@B66-animals-10-00287]\]. Similarly, a model of transgenic mice deficient for hsp70-2 presented a higher level of the germ cell apoptosis \[[@B67-animals-10-00287]\]. Conversely, in bull and boar, hsp70 increased longevity and viability of spermatozoa \[[@B68-animals-10-00287]\]. In our conditions, the high hsp70 levels in spermatozoa treated with metformin in comparison to control, presume a non-degraded semen quality. We can suppose that the stimulation of the AMPK pathway is involved. Indeed, in rat intestine cells, the activation of AMPK by L-Arginine and AICAR upregulated the expression level of HSP70 and HSP90 \[[@B69-animals-10-00287]\].

The ERK protein is also a second marker associated with quality as described in stallion or human. Authors have shown that stallion semen with elevated quality and low oxidative stress presented lower ERK phosphorylation after semen cryopreservation \[[@B59-animals-10-00287]\]. In humans, a degraded semen quality has a higher ERK1 expression reinforcing the interest to use it as a predictive marker of sperm quality \[[@B57-animals-10-00287]\]. Despite the role of ERK in sperm motility, its activity presents some controversial effects depending on the species. Thus, a positive role for ERK was suggested in chicken sperm \[[@B70-animals-10-00287]\], but ERK seems to inhibit the motility of human spermatozoa \[[@B71-animals-10-00287]\]. In our study, the low levels of phosphorylated ERK in cryopreserved semen with metformin suggest an increase in semen quality as reported above with the other quality markers.

5. Conclusions {#sec5-animals-10-00287}
==============

In conclusion, our results have supported evidence that the quality of canine semen cryopreserved in an extender supplemented with metformin improved its quality (motility, oxidative stress, quality markers). In addition, a mechanism of action of metformin involved the AMPK pathway in canine spermatozoa. AMPK is considered as a part of the key node regulating energy production, cytoskeleton and flagella motility, oxidative stress and DNA quality. All these parameters improved the sperm quality during stress such as in the freeze/thaw process. Finally, these data open to future experiments and to evaluate the interest to supplement the extender with metformin by using specific functional fertilizing in vitro or in vivo tests.
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![Effect of metformin on Phospho-(Ser/Thr)-PKA substrate in frozen-thawed canine semen. Immunohistochemical staining against Phospho-(Ser/Thr)-PKA substrate was assessed in frozen-thawed canine semen treated with metformin (Scale bar = 10 µm). Sperm nucleus was stained with 4′, 6′-diamidino-2-phenylindole (DAPI). Quantification of the intensity of Phospho-(Ser/Thr)-PKA substrate staining in the sperm head is represented as mean ±SEM ((arbitrary units), (n = 4 animals, with at least 500 spermatozoa per sample). \*\*\* *p* \< 0.001, significant differences with the control.](animals-10-00287-g001){#animals-10-00287-f001}

![Effect of metformin on NAD^+^ content and histone deacetylase enzyme (HDAC) activity in frozen-thawed canine semen. (**A**). Intracellular NAD^+^ spermatozoa content (nM per million spermatozoa). Values are normalized as a percentage of control and represented as mean ±SEM, (n = 4). (**B**) Measurement of NAD^+^-dependent HDAC activity. (**C**) Immunostaining against a target of HDAC, the histone H3K9ac (Scale bar =10 µm). Sperm nucleus was stained with DAPI. Quantification of the H3K9ac staining intensity (arbitrary units) is represented as mean ± SEM, (n = 3 animals, with at least 500 spermatozoa per sample). \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001, significant differences with the control.](animals-10-00287-g002){#animals-10-00287-f002}

![Effect of metformin on AMPK phosphorylation in frozen-thawed canine semen. Immunostaining against phospho-AMPK was assessed in frozen-thawed canine semen treated with metformin (Scale bar = 10 µm). Sperm nucleus was stained with DAPI. Quantification of the intensity of phospho-AMPK staining in the sperm head is represented as mean ±SEM (arbitrary units), (n = 4 animals, with at least 500 spermatozoa per sample). \*\*\* *p* \< 0.001, significant differences with the control.](animals-10-00287-g003){#animals-10-00287-f003}

![Effect of metformin on markers associated to quality in frozen-thawed canine semen. (**A**) Immunostaining against HSP70, and (**B**) phospho-ERK was assessed in frozen-thawed canine semen (Scale bar = 10 µm). Sperm nucleus was stained with DAPI. Quantification of the intensity of HSP70, and phospho-ERK staining in the sperm head (arbitrary units) are represented as mean ± SEM, (n = 4 animals, with at least 500 spermatozoa per sample). \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \<0.001, significant differences with the control.](animals-10-00287-g004){#animals-10-00287-f004}

![Effect of metformin on oxidative stress and DNA damage in frozen-thawed canine semen. (**A**) Oxidative stress was detected with the fluorescent CellRox probe and (**B**) immunostaining against DNA damage was assessed in frozen-thawed canine semen treated with 0, 50 µM or 500 µM metformin (Scale bar = 10 µm). PBS (**A**) and mouse IgG (**B**) incubation were used as negative controls for CellRox and immunostaining, respectively. Sperm nucleus was stained with DAPI. (**A**,**B**) Quantification of the spermatozoa labeled with CellRox or DNA damage by ImageJ. Data are represented as mean ±SEM, (n = 4 animals, with at least 500 spermatozoa per sample). \* *p* \< 0.05; significant differences with the control.](animals-10-00287-g005){#animals-10-00287-f005}

animals-10-00287-t001_Table 1

###### 

Effect of metformin on semen viability and acrosome reaction on frozen-thawed and fresh semen.

  Group                   Fresh Semen    Control       Metformin 50 µM   Metformin 500 µM
  ----------------------- -------------- ------------- ----------------- ------------------
  Viable                  80.83 ± 1.47   49.78 ± 5.4   48.63 ± 4.8       46.67 ± 8.0
  Live intact acrosomes   79.69 ± 2.8    50.19 ± 3.7   50.45 ± 3.6       50.71 ± 4.3

Data are represented as mean ± SEM (n = 6).

animals-10-00287-t002_Table 2

###### 

Effect of metformin on sperm motility in fresh and frozen-thawed canine semen.

  Group        Fresh Semen    Control           Metformin 50 µM     Metformin 500 µM
  ------------ -------------- ----------------- ------------------- -------------------
  MOT (%)      94.00 ± 2.1    40.63 ± 4.5 ^a^   57.03 ± 5.3 ^b^     56.44 ± 7.0 ^a,b^
  PMOT (%)     69.00 ± 1.5    19.08 ± 3.2 ^a^   30.42 ± 2.9 ^b^     29.82 ± 3.7 ^b^
  RAPID (%)    75.33 ± 1.8    21.40 ± 3.9 ^a^   34.39 ± 3.3 ^b^     33.89 ± 4.1 ^a,b^
  VAP (µm/s)   151.83 ± 5.1   117.45 ± 7.4      130.24 ± 4.0        128.83 ± 2.6
  VSL (µm/s)   139.47 ± 5.4   104.57 ± 6.3      114.43 ± 4.4        112.90 ± 3.4
  VCL (µm/s)   191.90 ± 4.3   168.31 ± 13.5     187.55 ± 6.6        188.52 ± 6.0
  STR (%)      90.67 ± 0.3    88.20 ± 1.2 ^a^   86.44 ± 0.9 ^a,b^   86.33 ± 1.1 ^b^
  LIN (%)      73.33 ± 0.9    64.64 ± 2.7       62.36 ± 2.7         61.38 ± 2.7

Characteristics measured are: percentage of motile sperm (MOT); percentage of progressively motile spermatozoa (PMOT), percentage of rapid spermatozoa (RAPID); (VAP): Average path velocity; (VSL): Straight-line velocity; (VCL): Curvilinear velocity; (STR): Straightness index; (LIN): Linearity index. Data are represented as mean ±SEM (n = 6). ^a,b^ different superscripts within the same row indicate significant differences (*p* \< 0.05).
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###### 

Effect of metformin on mitochondria activity in fresh and frozen-thawed canine semen.

  Group                                          Fresh Semen   Control           Metformin 50 µM   Metformin 500 µM
  ---------------------------------------------- ------------- ----------------- ----------------- --------------------
  High mitochondrial membrane potential (HMMP)   80.27 ± 6.2   48.87 ± 6.4 ^a^   61.92 ± 8.6 ^b^   60.29 ± 10.4 ^a,b^

Data are represented as mean ±SEM (n = 6). Mitochondrial activity was determined by JC-1 staining and was represented as a percentage of high mitochondrial membrane potential. Data are represented as mean ±SEM, (n = 6). ^a,b^ different superscripts within the same row indicate significant differences (*p* \< 0.05).
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###### 

Effect of metformin on lipid peroxidation in fresh and frozen-thawed canine semen.

  Group           Fresh Semen   Control      Metformin 50 µM   Metformin 500 µM
  --------------- ------------- ------------ ----------------- ------------------
  Live with LPO   5.3 ± 1.4     1.84 ± 0.3   1.32 ± 0.2        1.61 ± 0.3

Data are represented as mean ±SEM (n = 6). Lipid peroxidation (LPO) was evaluated with the C~11~-BODIPY^581/591^ probe as described in material and methods. Lipid peroxidation was assessed in frozen-thawed canine semen treated with 50 µM or 500 µM metformin. Data are represented as mean ±SEM, (n = 6).

[^1]: These authors contributed equally to this work.
